Essentially all biochemistry and most molecular biology experiments require recombinant proteins. However, large, hydrophobic proteins typically aggregate into insoluble and misfolded species, and are directed into inclusion bodies. Current techniques to fold proteins recovered from inclusion bodies rely on denaturation followed by dialysis or rapid dilution. Such approaches can be time consuming, wasteful, and inefficient. Here, we describe rapid protein folding using a vortex fluidic device. This process uses mechanical energy introduced into thin films to rapidly and efficiently fold proteins. With the VFD in continuous flow mode, liters of protein solution can be processed per day with 100-fold reductions in both folding times and buffer volumes.
Introduction
Protein overexpression provides important tools for a wide range of applications ranging from therapeutics to laboratory reagents (1-3). Bacterial protein overexpression capitalizes upon the low cost, high growth rate, and versatility of Escherichia coli (4, 5). Although many proteins correctly fold during overexpression in E. coli, larger or very hydrophobic proteins often generate misfolded and insoluble aggregates, which are directed into inclusion bodies (6-8). Recovering such aggregated proteins often involves chemical denaturation of the inclusion bodies, then multi-day dialysis to remove the denaturant (9, 10). An alternative method applies high pressure to drive proteins into their folded states The method described here is demonstrated with the folding of recombinant hen egg white lysozyme (HEWL) overexpressed in E. coli. The insoluble, misfolded protein results from overinduction, and a correctly folded form can be obtained with short VFD processing times. Though folding HEWL is illustrated here, the approach is generalizable to include other proteins, as demonstrated for cAMP dependent protein kinase A (PKA) and a truncated form of the membrane protein caveolin-1 (27).
Materials

Buffers
All buffers are prepared at 1 L scale with double-distilled H 2 O (ddH 2 O) purified to a resistivity of 18 MΩ and filtered through a 0.22 µm filter. Buffers are autoclaved, and then stored at room temperature unless otherwise indicated. All reagents should be at least reagent grade and ACS-certified. Adjust the pH of the solution to 7.2 using 6.0 M NaOH, and transfer to a graduated cylinder before bringing the final volume to 1 L with ddH 2 O.
VFD Components and Equipment
1. The VFD, sample tube (20 mm diameter) and delivery jet feeds are purchased from Vortex Fluidic Technologies (www.vortexfluidictechnologies.com).
2.
A laboratory syringe pump with the appropriate tubing (e.g., WPI model AL-1000).
3. VFD-sample tube caps: B19 Suba-Seals ® (Sigma). 4 . Nachi 6005NR open bearings (Nachi-Fujikoshi) (see Note 4).
5
. VFD sample tube lubricant (Dow Corning 976V High Vacuum Grease).
6. All purpose machine oil (Singer).
Protein Overexpression, Purification, and Analysis
All reagents for protein overexpression should be molecular biology grade and the appropriate measures taken to maintain sterile working conditions. Store the aliquots at -20 °C.
7. The gene encoding for HEWL was purchased from Addgene, and was cloned into a pET28c vector (GE Healthcare).
CaCl 2 competent E. coli BL21(DE3) cells (EMD Millipore)
9. UNOSphere S cation exchange media (Bio-Rad).
10. Kimble-Chase Kontes FlexColumn (Fisher).
11. Pierce™ BCA Protein Assay Kit (ThermoFisher).
12. Circular Dichroism quartz cuvette (Hellma)
13. EnzChek® Lysozyme Assay Kit (ThermoFisher).
Method
Overexpression of HEWL in E. coli
All procedures are performed at room temperature under sterile conditions unless otherwise indicated. Then elute the purified protein from the column using 50 mL of Buffer 3 (1.0 mL/min). SDS-PAGE can be used to determine the purity of the eluted HEWL (see
Note 9).
10. Protein concentration in the eluted solution is then measured by measuring the absorbance at 280 nm (molar extinction coefficient for HEWL of 37970 M -1 cm -1 )
or by using a BCA assay kit. The solution is then either concentrated or diluted (Buffer 3) to ≈4.4 mg/mL using a 10 kDa concentrator. This protein solution can next be folded.
Refolding HEWL using the VFD
The VFD should be set at an angle of 45° relative to the horizontal position and the bearings should be well oiled (see Note 10). 
Small Scale
Notes
1. NaH 2 PO 4 can be difficult to dissolve and requires thorough mixing. We recommend using a stir plate, and optionally gentle heating.
2. Add all components of the buffer, apart from the urea, to 300 mL of ddH 2 O as this large amount of urea will greatly increase the solution volume. The reaction is endothermic and will require gentle heating and stirring to completely dissolve the salts. The pH of this buffer is temperature dependent; thus, allow the solution to equilibrate at room temperature before adjusting the pH as detailed above.
3. As with Buffer 2, Buffer 3 requires heating with stirring. The pH should again be adjusted after allowing the solution to reach room temperature.
4. The bearings in the VFD need to be replaced every ≈3000 hours. See Figure 1 for bearing location during replacement.
5. At this point, the re-suspended solution can be stored at -80 °C after addition of 10% glycerol.
6. Other methods of lysing cells such as using a French press are also acceptable.
7. A layer of cell debris can often be observed on the outside of the pellet. This layer can be removed and discarded along with removal of the supernatant.
8. We find it easier to dissolve the pellet in urea by breaking up the pellet into smaller pieces using a sterile spatula. We then transfer the solution into a plastic conical tube to dissolve overnight.
9. If purity is poor after this step, wash steps can be added. Slowly increase the concentration of NaCl in the binding buffer from 0 mM to 50 mM in 10 mM increments. Additionally, size exclusion chromatography can be performed to further purify the protein. 14. The jet feeds must be held firmly in the housing unit lid. If they are not held firmly, then vibration of the jet feeds against the rotating sample tube will cause the glass sample tube to shatter. 
